We report on the spin-polarized photoreflectance in a ferromagnetic GaMnAs layer. The transient photoreflectance results show a circular polarization dependence of the probe beam in quasidegenerate pump-probe measurements. The circular polarization dependence, which follows the magnetization as we increase the sample temperature, can be understood from the strong spin exchange coupling between conduction or valence band electrons and localized Mn ion spins.
I. INTRODUCTION
The diluted magnetic semiconductor (DMS) Ga 1−x Mn x As is attracting great interest due to its potential applications in spintronics, where the material is expected to exploit spin as an additional degree of freedom in electronic applications [1, 2] . With increasing Mn concentration x in as-grown Ga 1−x Mn x As samples, typically both the Curie temperature T C and the hole concentration p have been shown to increase up to around x = 0.06, beyond which point T C and p level off and decrease, primarily due to the formation of Mn interstitials [3] . Curie temperature enhancement for the material was demonstrated upon increasing the hole carrier density by post-growth annealing or by using a modulation doping method [4, 5] . The magnetic properties in DMSs can be probed by several experimental methods, which include magneto-transport, magnetic circular dichrosim (MCD), and SQUID magnetometry [6, 7] .
A feature of central importance in understanding the behavior of DMSs is the strong s, p-d exchange interaction that occurs in these materials between the delocalized s or p band electrons and the localized d electrons of the magnetic ions [8] . Due to this strong s, p-d exchange interaction, anomalous large Zeeman splitting occurs for s or p band electrons relative to the overall spin orientation of the magnetic ions in the material. While paramagnetic spin ordering is expected for most II-Mn-VI materials under an external magnetic field, spontaneous magnetization occurs below the Curie temperature for ferromagnetic semiconductors such as GaMnAs * E-mail: kyee@cnu.ac.kr; Fax: +82-42- or InMnAs. The anomalous Zeeman splitting for magnetic semiconductors also gives rise to different optical properties for spin-polarized photons, as was observed in spin-polarized photoluminescence or magnetic circular dichroism studies [9, 10] .
In this paper, we report on the spin-polarized photoreflectance in ferromagnetic GaMnAs. The time-resolved photoreflectance was compared between σ + -and σ s −-polarized probe polarizations. The magnetic field and temperature dependences of the spin-polarized photoreflectance is studied regarding the magnetization behavior of the ferromagnetic GaMnAs layer.
II. EXPERIMENTS
Quasi-degenerate pump-probe measurements were performed in the reflection mode for ferromagnetic GaMnAs. Ultrashort pulses with a 15 fs duration and a 90 nm FWHM at a center wavelength of 790 nm were obtained from a mode-locked Ti:sapphire laser. Using a beam splitter, the pulses were divided into a strong pump beam and a weak probe beam. Pump photons excite valence band electrons to conduction bands, and the following probe photons measure the transient reflectivity changes induced by photo-generated excess carriers by pump as a function of the time delay between the pump and the probe pulses. The spectrum-resolved measurements were enabled by putting a series of 10 nm width band-pass filters in front of the detector. The pumpinduced electrons possess a relative range of excess energy, as the pump energy spectrum covers from below the absorption edge to 100 meV above the band gap. The overall kinetics of photo-generated carriers will determine the transient reflection change of the probe beam. To study magnetization-induced effects in ferromagnetic GaMnAs, we applied an external magnetic field along the sample growth direction and measured the circularpolarization dependence of the photoreflectance signal by adjusting the direction of the external magnetic field with the pump and the probe polarizations both set to be circular.
The sample studied in this work is a Ga 1−x Mn x As layer with a Mn concentration x of 0.059. The layer was grown on a semi-insulating (001) GaAs substrate in a Riber R&D MBE machine [11] . The Mn concentration x was deduced from the Mn cell temperature which has been previously calibrated using X-ray diffraction studies of Ga 1−x Mn x As/GaAs epilayers. The hole concentration of the sample was estimated to be 4.8 × 10 19 cm −3 by measuring the Hall resistance at room temperature, where the contribution from the anomalous Hall effect, while not negligible, was considerably reduced. The magneto-transport data indicate a typical ferromagnetic behavior, with a Curie temperature of 54 K.
III. RESULTS AND DISCUSSION

Fig.
1 shows pump-induced transient reflection changes at magnetic fields of +0.15 T, 0 T, and -0.15 T for probe wavelengths of 810 nm, 820 nm, and 830 nm, respectively. We confirmed that applied magnetic fields of +0.15 T and -0.15 T correspond to the σ − and the σ + excitations, respectively, for the used probe circular configuration by testing the spin-polarized photoluminescence of the CdMnTe II-VI DMS material under an applied magnetic field. The transient reflection change signals have a rapidly varying region of less than 0.5 ps and slow part at longer time delays. The fast component is related to the dynamics of hot carriers and the carrier trapping processes while the slow component is possibly related to the decay of trapped electrons.
The transient reflection changes are negative for E pr = 810 nm, but they have positive signs for E pr = 830 nm. This kind of sign change is typically observed in the photoreflectance when the probe energy sweeps through the band-gap of a semiconductor [12, 13] . Photo-generated carriers will modify the absorption coefficient near bandedge regions through effects like band filling, band-gap renormalization, free carrier absorption, etc. The modulation of the absorption coefficient (∆α) is related to the reflection index change (∆n) by the Kramers-Kornig relation [14] :
where E is the probe photon energy, and P r denotes the principal part of the integral. Beside the sign reversal with probe energy in the reflection change, we note the relative vertical shifts of the transient reflection under external magnetic fields. The magnetization induced by an external magnetic field builds up anomalous Zeeman splitting in the valence and the conduction bands because of the exchange integral term between Mn spins and band electron spins. With circularly polarized probe photons, we trigger specific interband transitions such that the σ + polarization is allowed for (−3/2hh → −1/2e) or (−1/2lh → +1/2e) transitions and the σ − polarization is allowed for (+3/2hh → +1/2e) or (+1/2lh → −1/2e) transitions, where hh and lh denote the heavy-hole and the light-hole bands, respectively, and e denotes the conduction band [8] . Due to the anomalous Zeeman splitting between spin sub-bands, the spin-dependent band alignment is expected to have different band edges for each circular polarization, also making the transient reflection magnetic field dependent.
In Fig. 2 , we plot the reflection change at a fixed time delay of 0.1 ps as a function of the probe wavelength. The most pronounced effect of the applied magnetic field is a relative shift of the photoreflectance spectrum along the probe energy axis. A red (blue) shift for the σ + (σ − ) probe polarization must have connections with the spindependent Zeeman splittings of the conduction and the valence bands. When we increase the sample temperature up to 80 K, the overall shape of the photoreflectance curve does not change, but the shift under a magnetic field decreases for increasing temperature. This temper- ature dependent behavior of the spin-polarized photoreflectance is consistent with the sample magnetization, which scales with the Zeeman splitting. As non-zero overall magnetization is caused by an external magnetic field, the anomalous Zeeman splitting builds up via the large spin exchange coupling between the s, p band elec- trons and the d-orbital Mn electrons, which will produce circular-polarization dependent effective band edges in the photoreflectance signal.
As we define a complex photoreflectance function ∆ρ(E) such that ∆ρ(E) = ∆ρ R (E) + i∆ρ I (E), where ∆ρ R (E) and ∆ρ I (E) represent for real and imaginary part, respectively, ∆ρ R (E) is directly related to the photoreflectance such that ∆ρ R (E) = ∆R R , and the imaginary part ∆ρ I (E) can be calculated from the KramersKronig relation based on the real part signal, and the intensity of the complex photoreflectance function is defined such that |∆ρ(E)| = (∆ρ R ) 2 + (∆ρ I ) 2 [15] . In Fig. 3 , we have plotted the intensity |∆ρ(E)| as a function of the probe energy at several sample temperatures for a magnetic field of ±0.15 T. The |∆ρ(E)| also shows a relative energy shift between positive and negative magnetic fields, which was also observed for the photoreflectance data in Fig. 2 . The difference in peak energy (∆E) decreases down to 1.7 meV at 80 K, which is about 6.1 meV at a sample temperature of 10 K. These temperature dependencies of the spin-polarized photoreflectance manifest the close relationship of the observed behavior to the sample magnetization; that is, the sample magnetization, which is strongly temperature dependent in the studied range, generates an anomalous Zeeman splitting in GaMnAs, leading to a spin-dependent photoreflectance. Fig. 4 shows a comparison between the transient photoreflectance spectrum at B = 0 Tesla and the magnetic circular dichroism (MCD) spectra measured at a magnetic field of 0.15 T and at sample temperature of 10 K. The comparison shows that the shape of the photoreflectance has a close similarity to the differential of the MCD spectra. This result hints at a possible connection between the reflective MCD and the photoreflectance regarding the underlying mechanism for the two phenomena which will require further studies to establish the origin.
IV. CONCLUSIONS
The transient photoreflectance measured in quasidegenerate pump-probe experiments for a ferromagnetic GaMnAs layer is strongly dependent on the circular polarization of the probe beam, which is due to the anomalous Zeeman splitting in dilute magnetic semiconductors from the strong spin exchange interactions of band electrons with localized magnetic spins. The spin-polarized photoreflectance behavior smears out with increasing sample temperature, as is expected for the magnetization of the GaMnAs layer. A comparison of the photoreflectance to the reflectance MCD spectrum shows a close relationship between the two, which may give a clue for better understanding of the magneto-optical properties in the material.
